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INTRODUCTION 


This report presents the results of leakage tests for a range of helically- 
grooved annular seal configurations in highly turbulent flow. The helical 
groove geometry has been used for bearings [1] and viscoseals [2] for some 
time. Unfortunately, no analysis exists for predicting either the leakage 
performance or the rotordynamic coefficients of helically-grooved seals in 
the turbulent regime. However, results which are available suggest that a 
helically grooved seal should both reduce leakage and enhance stability. 

Both of these proposed beneficial consequences would result from the "pumping" 
action of the seal which provides increased resistance to the leakage flow 
while retarding the development of circumferential flow in the direction of 
shaft rotation. Stability is enhanced by reducing the net circumferential 
flow in a seal, since this reduces the "cross-coupled" stiffness coefficient 
k. 

The leakage results presented here were initially planned as a first 
step towards the development of a comprehensive understanding and prediction 
capability for helically-grooved seals. The tests reported here were to be 
followed by dynamic tests for measurement of force coefficients and the 
development of a statisfactory model for helically-grooved seals in the 
turbulent regime. The development of a model and analysis approaches are 
presently underway; however, changes in SSME program priorities have resulted 
in an indefinite postponement of the dynamic test efforts until more definite 
analytical predictions become available. 


TEST APPARATUS 


Test Sections 

The basic test section is illustrated in figure 1. As illustrated, the 
test section is set up to test stepped and convergent-tapered seal 
configurations which have been used as interstage seals for the SSME HPFTP. 

For the present test program, the seal stators were bored out to a constant 
diameter of approximately 11.1 cm, and the seal rotors were sleeved with 
appropriate helically-grooved elements. Fluid enters the center of the 
test section and dir.charges axially across the two test seals. The test- 
section rotor is supported in Torrington hollow-roller bearings [3] which 
are extremely precise, radially preloaded, and have a predictable and 
repeatable radial stiffness. Axially-spaced Kulite strain-gauge pressure 
transducers are used to measure the pressure field. Inlet and discharge 
measurements are made of temperature and pressure for use in defining the 
density and viscosity of the test fluid. 

The mechanical seals for the test section are from John Crane Co., 

Type EAB assembly. A carbon seat is used with a Tungsten Carbide washer. 
Leakage through these seals has been a continuing problem at all operating 
conditions. Wear of the mechanical elements has also been a problem, 
necessitating frequent resurfacing and replacement. 

A ten hp. variable-speed electric motor has been used to drive the test 
section from five to 5300 rpm. In some cases, this unit had insufficient 
power to drive the helically-grooved seal configurations and a 50 hp, 3600 rpm 
unit was used instead. A motion transducer, actuated by a ten-toothed rotating 
wheel, provides a signal for a counter which defines the rotation rate for 
the test section. 


OmOMALPAOEIS 
OF POOR QUALtTY 


HIGH PEV^fOlDS NUM6ER 
SEAL test SECTlOM 



1. Test-rig assembly. 


6 


Instromewtatlon 

Specifications for the Instrumentation are given below: 

(a) TheAmotouplu . Type J thermocouples from Honey««11 were employed 
for temperature measurements. These units had a 1®F resolution, and 
were calibrated with a precision thermometer using an Ice bath and 
boiling water. Rosemont transmitters were used to amplify the 
thermocouple output for transmission to the Data General Nova computer 
A/D circuits. Calibration of the thermocouples was based on the final 
readout of temperature-proportional voltage readings by the computer. 
Calibration results showed a repeatable resolution of temperature to 
within 1®F. 

(b) Fischer & Porter Type 10LV2 Liquid Vortex Flowmeters 
were used. According to the manufacturer, these units have a linear 
scale from 10 to 150 gpm with an accuracy of +^1.89 gpm. An additional 
loss of accuracy amounting to +.14 gpm per 15®F change is possible; 
however, most of the testing in this project was conducted in the 
80-85® temperature range. 

The vortex flowmeter design is sensitive to vibration levels of 
the pipe to which It is mounted. Occasional problems were encountered 
due to high vibration levels In the piping. In addition, over some 
intermediate flow ranges, the flowmeters become unstable, oscillating 
widely and grossly overestimating the flow rate. When installed at 
the same location, an ultrasonic flowmeter behaved similarly; hence, 
either a flow instability or a resonance condition exists in the 
system. Additional pressure Instrumentation has been added to the 
system for diagnosis of the problem when testing resumes. 

(c) P^eMiuic Tfuiniriuccu. Kulite ETM-375-1000 strain-gauge pressure 
transducers were used for static and dynamic pressure measurements. 


0^ POM qUAUTV 

These units had rated and maximum pressures of 1000 and 2000 psi, 
respectively. The manufacturer's specifications stated that the 
errors due to nonlinearity and hysteresis would be less than 
of full scale (£10 psi) with repeatability of £D.25% of full scale 
(£2.5 psi). However, measured results for these units with a 
dead*we1ght load tester have generally shovm errors to be less than 
1 psi over a 600 to 1000 psi calibration range. The diaphragm 
natural frequency of the strain-gauge sensor element Is 275 KHz. 

The Kullte units tend tc be delicate and are relatively easy to 
damage; however, their performance has been quite satisfactory. 

The pressure transducers are calibrated by retmivlng one of the units 
from the system before and after testing, calibrating It at 600 and 
1000 psi, and then rechecking the output at the endpoints and an 
Intermediate pressure condition. The repeatability and linearity of 
these tests has been within 1 psi. The reference unit Is then rein- 
stalled In the system and used to calibrate the remaining pressure 
transducers over the 600 to 1000 range. Calibration for the pressure 
transducers is based on voltage levels read through the Data General 
computer A/D boards. 

(c) BtecXAonic flU&u. The high-frequency noise levels developed by the 
pressure transducers proved to be excessive, and necessitated the use 
of filters for attenuation. Fourth-order bessel -function filters were 
fabricated with the transfer function 

105w-" 

Vo/V, » G- » 

s'* + IWft^s + 105u) *s + lOSu)-** 

0 0 0 

where » 1131 rad/sec * 180 Hz. Separate filters were used for all 
transient pressure measurements. 
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Test-Fluid 


The test fluid Is bromotrlflurmnethane* CBrF^, which Is manufactured as a 
fire extinquisher fluid (Ojpont FE 1301 or Halon) and refrigerant (Freon 
13B1). Its fluid properties at 25*C are; 

y ■ 1.54 X 10“" Ns/m*» p - 1570 kg/ro*. 

V 1.0 X 10"^ mVs. 

This liquid actually has a lower kinematic viscosity than liquid hydrogen and 
has the additional advantage of being nonflammable and nontoxic. A disadvantage 
of Halon Is that the vapor pressure Is approximately 200 psi at room temperature; 
hence, the test flow loop must be held at an elevated pressure to keep the Halon 
liquid. 

The density and viscosity properties of Halon as defined In [4,5] have 
been curve-fitted oS a function of temperature and p«^ssure, and used to 
define average axial and clrcum'^erentlal Reynolds numbers for test stals. 

Mechanical System Layout 

Figure 2 Illustrates the flow loop used to provide specified flowrates through 
the test-section seals. A six-stage Goulds pump provides the flowrate required. 
Loop flow rate discharges from the pump, and then may split with part of the 
flow going through the test section, and the remainder proceeding through control 
valves 1 and 3. Two control valves In series are required to absorb the full 
output pressure of the pump without cavitation. The bypass-flow mode Is used 
for total test-section flowrate less than 100 gpm, which represents the lowest 
flowrate operating point for the pump. Valve 4 Is closed In the bypass mode. 

As the required flowrate Increases above 100 gpm, valve 1 Is closed and valves 
2 and 3 are progressively opened. Valve 4, which has a larger capacity than 
the remaining valves. Is opened In parallel wUh valves 2 and 3 to achieve 
maximum-flw conditions. Flowrates through the test section seals are measured 
by Fischer-Porter vortex flov/:.ieters. 
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?. Test facility layout 


The test-section fluid is circulated through a heat exchanger, which is 
supplied chilled water by the Tran chiller. The chiller capacity is augmented 
by a 2000 gallon water tank which is buried outside the test facility. 

The ambient system pressure is maintained by the accumulators illustrated 
in figure 2, which keep the pump suction pressure at approximately 350 psi. 

This yields a peak pump discharge pressure r f approximately 1000 psi. The 
accumulators are also used to remove liquid Halon from the test section for 
replacement of rotors and transfer fluid back and forth from the 2000 lb 
Dupont delivery tank. In fact, all of the Halon can be pumoed back into the 
delivery tank using the accumulators. 

The filters illustrated in Figure 2 have a ten micron limit for particles. 
The complete flow system is stainless steel except for the pump body and the 
heat exchanger to minimize particle contamination in the test flu^d. 

Control System 

The axial and circumferential Reynolds numbers are the quantities to be 
controlled in the seals. These variables are determined by the pressure and 
temperature measurements within the seal (which define p and p), the seal 
rotational speeu w, and the flowrates through the seals. Flowrate control is 
supplied by means of a Data General Nova computer. Control signals are 
generated, based upon the difference between a measured R_. and a specified 

and cause a change is the Masoniellan control valve settings. Active 
control is not entirely closed- loop. The operator specifies the number of 
control cycles to be executed by the computer. The computer calculates the 
running speed that is required to achieve a specified and the specified 
test section speed is set man v. 


Data Acquisition Procedure 

The following data is required to evaluate the leakage performance of annular 
seals: 

(a) leakage rate 

(b) inlet and exit temperatures 

(c) pressure measurements at the seal's inlet and exit and along its 
length. 

The instrumentation for making these measurements was discussed at the beginning 
of this chapter. The data was captured via the A/D boards of the Data General 
Nova computer. Only static data is desired; hence, each variable is san^led 
200 times and averaged before it is transferred to disk storage on the D. G. 
machine. 
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TEST SERIES 


Test Objectives 

Figure 3 illustrates the helically-grooved seal designs tested in this 
study. The tests reported here were carried out to provide answers for the 
following questions: 

(a) How does the leakage performance of helically-grooved seal configuration 
compare to plain annular seals? 

(b) How does the leakage performance depend on the ridge clearance 

the pitch angle a, the groove-depth d^, and the rotational speed w? 

(c) What are the amperage requirements for driving test rotors which 
mount helically-grooved seals? 

Test-Seal Geometries 

To provide answers to question (b), three separate rotors were manufactured. 

Two helically-grooved seals having the same pitch angle a were mounted on 
each rotor, with pitch angles of 20®, 30®, and 40®. Each helically-grooved 
seal was formed from sixteen separate grooves with appromixately equal groove 
and ridge widths. The nominal ridge clearance for the seals in a given 
rotor are .508 and .380mm, respectively. As original machined, the rotors are 
identified by numbers 8, 9, and 10, and their dimensions are given in table 1. 

The following romenclature is used in this table; 

C^: Ridge clearance illustrated in figure 3. 

Cg'. Groove clearance, 

dg = Cg - C^: Groove depth, 
w^: Minimum ridge width, 

w : Minimum groove width. 

Following tests of the seals on rotors 8, 9, and 10, the groove depths were 
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increased yielding the rotors identified as rotors 11, 12, and 13, respectively, 
with the groove depths cited in tatle 1. Increasing the groove depths again 
yielded rotors 14, 15, and 16, whose dinensions are also specified in table 1. 

The groove depth to clearance ratios, dg/C^* of table 1 cwnpare to values 
of 2.7 and 3 developel by Chow and Vohr [2] for optimum stiffness bearings 
with circumferential Reynolds numbers (R^=RWC/u) of 1000 and 9000, respectively. 


wworquauty 



3. Helically-grooved seal configuration. 


ORIONAL PAGE » 
OF POOR QUALITY 


A. Pitch Angle a » 20* ; w^. = 3.89 mm; Wg » 3.53 mm 

S eal U - V Cp. » .^>mmV b = 11.04 cm, L * 5.08 cm 
S eal 2 ; * .521 mm, D ■ 11.01 cm, L = 5.08 cm 


Seal 1 Seal 2 


Rotor 

dg (mm) 

dg/c^ 

dg (mm) 

dg/c^ 

8 

.406 

1.10 

.584 

1.12 

11 

1.168 

3.17 

1.016 

1.95 

14 

1.549 

4.21 

1.549 

2.97 


B. Pitch Angle a = 30°; w^. = 5.58 mm; Wg = 5.51 mm 

Seal 1 ; * .38”i imri, D = 11.04 cm, L * 5.08 cm 

Seal 2 ; = .495 nm, D = 11.01 cm, L = 5.08 cm 


Seal 1 Seal 2 


Rotor 

dg (mm) 

dg/Cy. 

dg (mm) 

dg/c^ 

9 

■ESI 

1.00 

HiHi 

1.13 

12 

1.168 

3.07 

1.016 

2.05 

15 

1.549 

4.07 

1.549 

3.13 


C. Pitch Angle g = 40” ; Wj. = 7.04 mm; Wg = 7.19 mm 

Seal 1 ; = .381 mm, D. * 11.04 cm, L = 5.08 cm 

Seal 2: = .508 rtm, D = 11.01 cm, L = 5.08 cm 


Seal 1 Seal 2 


Rotor 

dg (mm) 

dg/C^ 

dg (mm) 

dg/c^ 

10 

.330 

.866 

.508 

1.00 

13 

1.168 

3.07 

1.016 

2.00 

16 

1.549 1 

4.07 

1.549 

3.05 


Table 1. Helically-grooved seal dimensions. 
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Test Results 


^tJoJULt ?HUhiiA£. Vi^tfUbatlon 

Figures 4 through 21 contain the pressure profiles which were measured for 
the helically-grooved seals. The data points indicated are from pressure 
measurements made at the inlet and exit chambers and throughout the seal 
length. The first two data points on the left are seal supply pressure. The 
data points to the right are downstream pressure. Pressure measurements are 
made at nine and five axial locations, respectively, within the seal 2 and 
seal 1 configurations of table 1. 

Figure 4 (a) shows the static pressure distribution which results from 
shaft pressure distribution which results from shaft rotation only, i.e., no 
pump flow. Without the helical grooves, there would be no axial pressure 
gradient. An understanding of this figure is facilitated by noting that the 
various pressure distributions have all been shifted by addition or subtraction 
of a constant to yield the same average supply pressure. This modification is 
helpful when comparing pressure gradients due to leakage flow, but can be 
confusing when looking at pressure gradients due to shaft rotation. Generally 
speaking the zero- pump- flow curves show an increase in seal pressure differential 
as the running speed increases. The pressure rises from the normal seal discharge 
to the normal seal inlet due to seal rotation. A relative measure of "pumping” 
effectiveness of a seal can be obtained by taking the difference between the 
seal discharge pressures at different running speeds and dividing by the running 
speed differences. For figures 4 (a) this gives: 

Aw ■ “4^9'6 - lOTlS" " ^-23 X 10 Bar-Sec/Rev. 

Although zero -pump- flow data were not taken for all seals, the available results 
are stiirmarized in table 2 below. The results of table 2 support the following 
general conclusions with respect to "pumping" capacity: 


ORIQINAL PAGE H 
OF POOR QUALITY 


(AP/Aa))X10“ 


Rotor 

a® 

Cj. (mm) 

dg (mm) 

(BAR/RPM) 

8 

20 

.368 

.406 

1.23 

14 


.368 

1.549 

3.05 

8 


.521 

.584 

1.74 

11 


.521 

1.016 

2.24 

14 


.521 

1.549 

2.75 

9 

30 

.381 

.381 

3.40 

15 


.381 

1.549 

5.22 

15 


.495 

1.549 

2.99 

10 

40 

.381 

.330 

[ 1.62 

16 


.381 

1.549 

2.30 

... _ . . , 

16 


.508 

1.549 

1 2.73 

— 


Table 2. Relative "pumping" effectiveness of seal configuration 
for zero pump flow. 

(a) The 30® pitch angle configuration is better than the 20® or 40® 
configuration. 

(b) Pumping performance increases as the groove-depth increases. 

The results with respect to changes in ridge clearance is inconclusive. For 
the 20® and 30® cases, increasing C^. while holding dg constant reduces pumping 
effectiveness. However, the opposite situation holds for the 40® cases. The 
leakage results of the next section demonstrate that pumping performance is a 
very poor predictor of leakage performance. 

Figure 8 (b) and 8 (c) illustrate the types of pressure profiles which are 
obtained with seal leakage. The initial pressure drops in the seal arise from 
the abrupt acceleration of the fluid. The pressure gradients are seen to 
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Increase with running speed w; i.e., for the same flowrate, the resistance 
Increases with increasing w. However, as the flowrate increases, the dependency 
decreases as illustrated in the frames of figure 5. 

The power requirements to rotate the helical 1y<grooved seals proved to 
be larger than those previously experienced with smooth or surface-roughened 
seals. The load on the drive motor generally increased with flowrate and 
running speed. The breaker system on the 10 hp motor would simply "cut-out" 
when called upon to exceed its capacity. After rotors 8, 9, ajid 10 were tested, 
provision was made for a 50 hp constant-speed 3600 rpm motor which had the 
capacity to drive the rotors at all flow conditions. The motor controller 
eventually failed and had to be repaired during testing rotors 14, 15, and 16. 
Following the repair, considerably higher amperage readings were possible with 
the motor. The maximum possible amount of data was taken for each seal; however, 
because of these problems, there is a considerable disparity between the amounts 
of data available for the separate seals. Amperage measurement results are 
reported in a subsequent section. 

A comparison of the results of figures 4 through 21 illustrates that some 
of the seals have considerably higher entrance pressure losses than others. 
Generally speaking, seals which absorb relatively more of the applied differential 
pressure in entrance losses and less in the axial pressure gradients have much 
poorer leakage performance than seals with relatively steep pressure gradients 
and smaller inlet pressure drops. A comparison of leakage performance in terms 
of discharge coefficients is provided in the following section. 
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static pressure distributions for seal 1 of rotor 8. 
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static pressure distributions for seal 1 of rotor 8. 


HELICALLY -GROOVED SEAL HELICALLY -GROOVED SEAL 

HOUSING 4 ROTOR 8 C(RAO) -.521 mm HOUSING 4 ROTOR 8 CIRAOl -.521 mim 

GROOVE DEPTH - ,584 mm HELIX ANGLE - 20. DEG. GROOVE DEPTH - .584 mm HELIX ANGLE - 20. DEG 

AVG. AXIAL REYNOLDS NUMBER • 0. ftVG . AXIAL REYNOLDS NUMBER - 72147.8 
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static pressure distributions for seal 2 of rotor 8. 
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Static pressure distributions for seal 2 of rotor 8. 
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static pressure distributions for seal 2 of rotor 8. 
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static pressure distributions for seal 1 of rotor 9. 
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static pressure distributions for seal 1 of rotor 9. 
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Static pressure distributions for seal 2 of rotor 9. 
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Static pressure distributions for seal 2 of rotor 9. 
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Static pressure distributions for seal 1 of rotor 10. 
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static pressure distributions for seal 2 of rotor 10. 



static pressure distributions for seal 2 of rotor 10. 
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10 . static pressure distributions for seal 1 of rotor 11 . 
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10. static pressure distributions for seal 1 of rotor 11. 
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10. Static pressure distributions for seal 1 of rotor 11. 
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11. Static pressure distributions for seal 2 of rotor 11. 
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n. Static pressure distributions for seal 2 of rotor 11. 
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Static pressure distributions for seal 2 of 



«-! -a 

-3 

Li ■ J 

X a 

I - 

CS H X 

z ct a 

1 -^ Ul 

in a • 

3 <9 

0 w > 

1 > a 
o 

o 

Q£ 

CD 


cDca^cv 
^ ^n><v 

• • • • 


aaaa 


♦ % 
• • 63 0” 

<rsN ^ 
r^tvmcD 
Q<M — r 
U)IOSOt 


• • 9 t 

oooo 

□ 0 < 3 + 



O’ O tv <D U) '4^ m 

CD ID CD CD iD CD CD 

(s^tia) 3anss3«cr 



4 

• U) 


ID 

• 

in 


U5 

. 

U) 

• 

0> 

• 

Cs 


(0 


<D 

(D 

rv 

(D 

CD 

(D 

U) 

(D 


CD 


o 


CD 


(saws) 3anss3ad 



12. Static pressure distributions for seal 
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12. Static pressure distributions for seal 1 of rotor 12. 
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static pressure distributions for seal 2 of roto»* 12. 
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13. Static pressure distributions for seal 2 of rotor 12. 
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Static pressure distributions for seal 1 of rotor 13. 
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14. Static pressure distributions for seal 1 of rotor 13. 
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static pressure distributions for seal 3 of rotor 13. 
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15. static pressure distributions for seal 3 of rotor 13. 
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Static pressure distribut . ir seal 1 of rotor 14 
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17. Static pressure distributions for seal 2 of rotor 14. 
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18. Static pressure distributions for seal 1 of rotor 15. 
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18. Static pressure distributions for seal 1 of rotor 15. 
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AVG. AXIAL REYNOLDS NUMBER - 570ASA. 

□ RC- 1152SA. w - 5505. RPM 
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Static pressure distributions for seal 1 of rotor 15. 
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19. Static pressure distributions for seal 2 of rotor 15. 
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static pressure distributions for seal 2 of rotor 15. 


HELICfiLLY-GROOVED SERL 
HOUSING 4 ROTOR IS C(RRD) -.4RS mm 
GROOVE DEPTH - 1.54P mm HELIX ANGLE -50. DEG. 
RVG. RXIRL REYNOLDS NUMBER - 401212. 
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Static pressure distributions for seal 2 of rotor 15. 
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20. Static pressure distributions for seal 1 of rotor 16. 
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20. Static pressure distributions for seal 1 of rotor 16. 



HELICALLY -GROOVED SEAL HELICALLY -GROOVED SEAL 

HOUSING 4 ROTOR 16 CCRAO) -.581 mm HOUSING 4 ROTOR 16 CfRAO) -.581 mm 

GROOVE DEPTH - 1.S4A mm HELIX ANGLE -40. DEG. GROOVE DEPTH - 1 .S4A mm HELIX ANGLE -40. DEG 

AVG. AXIAL REYNOLDS NUMBER • 551800. flVG. AXIAL REYNOLDS NUMBER - 405 15S. 



ORMNAL IS 
OF POOR QUAUTY 



o“NU)io-<rNinw- 


(S»b8) 3»nsS3»d 


r r 



(sab8) 3anss3ad 


63 


20. static pressure distributions for seal 1 of rotor 16. 
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21. Static pressure distributions fc 
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Static pressure distributions for 


P/iesiu^C’GAodimf. Coei^icA.ent6 , 

For smooth seals* the leakage - ^ relationship is normally written: 

AP ■ {l+C+2o) 

The IH coefi^lcients account for entry losses, »-?h11e o accounts for the pressure 
gradient due to wall friction. For plain seals c Is a fairly weak function of 
the running speed, particularly at high flowrates. The idea of helically-grooved 
seal Is that "pumping action" will Increase with Increasing running speed. 

Figures 22 through 30 generally Illustrate this characteristic of the helically- 
grooved seals which were tested. An examination of these figures supports the 
following conclusions: 

(a) 0 decreases with Increasing taper angles. 

(b) For the same axial Reynolds number, ^ decreases with Increasing 
groove depth. 

(c) The ^ gradient decreases with increasing values of R^. 
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HELICALLY -GROOVED SEAL HOUSING 4 ROTOR 8 

C(AV6) - .581 mm C(RIOGE) - .868 mm 
GROOVE DEPTH • .406 mm HELIX ANGLE - 20. DEG. 



□ RA- 66204. 


O RA- 132746. 


200 . 


500 . 


ROTOR SPEED (RAD/SEC) 


HELICALLY -GROOVED SEAL HOUSING 4 ROTOR 0 

C(AVG) - .0 mm C(RIDGE) - .521 mm 

GROOVE DEPTH - .504 mm HELIX ANGLE - 20. DEG. 



□ RA- 72460. 


O RA-14500A. 


A RA-312755. 


+ RA-56210R. 


500 . 


ROTOR SPEED (RAO/SEC) 


Pressure gradient coefficients for seals 1 and 2 of rotor 8. 


mmitm 



OHOINM- p ^j^HELlCnLLY-SROOVCO sem, HOUSING 4 ROTOR 11 

C(AV6) • .^24 mm C(RIDGC) - .568 mm 
GROOVE DEPTH -1.168 mm HELIX ANGLE - 20. DEG. 


»“ 



100. 500. 500. 

200 . 400 . 600 . 


□ RA- 66182 
O RA-155AA4 
A RA- 200353 
+ RA-27830A 
O RA-31A400. 


ROTOR SPEED (RAD/SEC) 


HELICALLY -GROOVED SEAL HOUSING 4 ROTOR 11 

C(AVG) - 1.01 mm C(RIDGE) - .521 mm 
GROOVE DEPTH -1.016 mm HELIX ANGLE - 20. DEG. 


H 



□ RA- 72633. 
O RA- 145206. 
A RA-2A0325. 
+ RA-383318. 


ROTOR SPEED (RAD/SEC) 


23. Pressure gradient coefficients for seals 1 and 2 of rotor 11. 




SISMO (pressure: QRf^Ol ENT) SIGMfi (PRESSURE GRADIENT) 


HELICALLY ‘GROOVED SERL 
C(RVG) . .57 mm 

GROOVE DEPTH - .581 mm 


HOUSING 4 ROTOR 
C(RIOGE) - .581 mm 
HELIX angle - 58. DEG. 



100 . 


200 


500 . 

ROTOR SPEED 


500 . 

400 . 

{ RFID/SEC ) 


600 . 


□ RR> 665S8 
O RR- 124760 
L RR‘501120 


HELICALLY -GROOVED SEAL HOUSING 4 ROTOR R 

C(RVG) - .774 mm C(RIDGE) - . 4R5 mm 
GROOVE DEPTH - .SSR mm HELIX ANGLE - 30. DEG. 



□ RR- 71572 
O RA> 144586. 
A RA-263R88. 
+ Rfi-556471, 
O RR-452180. 


0 . 


100 . 


500 . 


aam. 400 . 

ROTOR SPEED ( RRD/SEC ) 


600 . 


600 . 


25. Pressure gradient coefficients for seals 1 and 2 of rotor 9. 
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HELICALLY -GROOVED SEAL 
C(RVG) - .<)6 mm 

GROOVE DEPTH • 1 . 1 68 mm 


HOUSING 4 ROTOR 12 
C(RIOGE) - .Sei mm 
HELIX ANGLE - 50. DEG, 



□ RP- 66S65 
O RP- 154000 
A RP-28S748 
+ RP-5S5655, 


ROTOR SPEED (RRD/SEC) 


HELICALLY -GROOVED SEAL HOUSING 4 ROTOR 12 

C(PVG) - 1. mm CCRIDGE) - .4P5 mm 

GROOVE DEPTH -1.016 mm HELIX ANGLE - 50. DEG. 



ROTOR SPEED ( RPD/SEC ) 


□ RA- 72P52. 
O RA- 142298. 
A RP-267177. 
+ RP- 560861. 
O RP-462052. 


26. Pressure gradient coefficients for seals 1 and 2 of rotor 12. 
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SIGMA (PRESSURE GRADIENT) 




HELICALLY •GROOVED SEAL HOUSING 4 ROTOR IS 

C(AVG) - 1.15 mm C(RIOQE) - .581 mm 
GROOVE DEPTH -1.64 A mm HELIX ANGLE - 50. DEG. 


H 



200. 400. 600. 


□ RA- 67108 
O RR- 155562 
A RR-2A68S7 
+ RR- 578 AS A 


ROTOR SPEED (RAO/SEC) 


HELICALLY -GROOVED SEAL 
C(RVG) - 1.27 mm 
GROOVE DEPTH -1.S4A mm 


HOUSING 4 ROTOR 15 
C( RIDGE) - .4A5 mm 
HELIX ANGLE - 50. DEG. 



200. 400. 

ROTOR SPEED (RAD/SEC) 


□ RR- 725A7. 
O RR- 144755. 
A RR-561754. 
+ RR-486A17. 


27. Pressure gradient coefficients for seals 1 and 2 of rotor 15. 



PRESSURE 6RROXENT) 


f 


HELICALLY -GROOVED SEAL HOUSING 4 ROTOR 10 

C(AVG) - .548 mm C(RIDGE) - .£81 mm 
GROOVE DEPTH - .55 mm HELIX ANGLE - 40. DEG. 


□ RA- 6SSA8, 



O RA-155A42, 


A RA-525501 


S. 1 — 
108 . 


300 . 500 . 

200 . 400 . 600 . 

ROTOR. SPEED ( RAD/SEC 1 


HELICALLY -GROOVED SEAL HOUSING 4 ROTOR 10 

C(AVG) - .765 ir.ffl C(RIOGE) - .508 mm 
GROOVE DEPTH - .508 mm HELIX ANGLE • 40. DEG. 



200 . 400 

ROTOR SPEED ( RAD/SEC 1 


500 . 


□ RA- 72595. 


O RA-144514. 


A RA-264568. 


+ RA-559S22. 


O RA- 466288. 


Pressure gradient coefficients for seals 1 and 2 of rotor 10. 
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SieMft (PRESSURE GRRDIENT) SIGMR (PRESSURE GRROIENT 


HELICALLY -GROOVED SEAL 
C(AVG) • .A71 mm 
GROOVE DEPTH -1.168 mm 


HOUSING 4 ROTOR IS 
C(RIDGE) - .S81 mm 
HELIX ANGLE - 40. DEG. 



200 . 400 . 600 . 

ROTOR SPEED (RAD/SEC) 


□ RA- 651A1 
O RA-13586A 
A RA-S0A7S6 
+ RR-588A88 


HELICALLY -GROOVED SEAL HOUSING 4 ROTOR IS 

C(AVG) - 1.02 mm C(RIOGE) - .508 mm 
GROOVE DEPTH -1.016 mm HELIX ANGLE - 40. DEG. 



200. 400. 


□ RA- 72580. 
O PA-167616. 
A RA-265S2S, 
+ RA-S62643. 
O RA-4751S0. 


ROTOR SPEED (RAD/SEC) 


29. Pressure gradient coefficients for seals 1 and 2 of rotor 13. 



• 7 ^ 


HCL I CRLLY- GROOVED SEAL HOUSING 4 ROTOR 16 •^OQb 

C(AVG) - 1.16 mm C(RIOGE) - .381 mm * ^^Al. 

GROOVE DEPTH - 1 .54A mm HELIX ANGLE - 40. OEG. 


- 1.6 



O RA- eec77. 


O RA- 132682, 


A RA-1SS686. 


■f RA-330866. 


O RA-4031S5. 


ROTOR SPEED (R^^D/SEC) 


HELICALLY-GROOVED SEAL HOUSING 4 ROTOR 16 

CfAVG) - 1.2A mm C(RIDGE) - .508 mn 
GROOVE DEPTH - I .54A mm HELIX ANGLE - 40. DEG. 



ROTOR SPEED (RAD/SEC) 


O RA- 71617 


O RA-145SA2 


A RA-S14827 


+ RA-4041SS 


O RA-518SA2 


500. 


30. Pressure gradient coefficients for seals 1 and 2 of rotor 16. 
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Generally speaking, leakage characteristics of seals are given in terms of a 
discharge coefficient defined by 

,n 

Hence the volumetric leakage rate is 


Q = VA « (2TrRC) 


( 2 ) 


= C/'»(^)- 2wR (^)'‘ 

Where C is the average clearance and V is the average resultant velocity, 
"leakage coefficient" defined by 


The 


is a measure of the leakage to be expected in a seal if the radius is held con:.tant 
and the clearance is varied. For a plain seal, the leakage coefficient is relatively 
insensitive to changes in running speed. However, the pumping action provided by 
helically- grooved seals should yield an increase in resistance with running speed, 
i.e., a decrease in leakage. Figures 31 through 39 illustrate Cj_ for all seal 
configurations which were tested. The upper and lower frames of these figures 
correspond, respectively, to seal 1 (C^ = .368 mm = 15 mils) and seal 2 
(C^ = .521 mm - 20 mils). The average clearance used in calculating the average 
velocity, axial Reynolds numbers, etc. are given in the figure heading. 

Figure 31 is representative of the test results and demonstrates the 
following results; 

(a) Leakage decreases with increasing running speed. 

(b) Leakage reduction due to increasing running speed is greater at lower 


(c) An asymptote for leakage Is Indicated with Increasing running 
speed. 

(d) Leakage 1$ reduced by reducing the ridge (minimum) and average 
clearances. 

The following additional conclusions are supported by an examlnlatlon 
and comparison of all the results of figures 31 through 39: 

(a) Leakage Increases with Increasing pitch angles. 

(b) Leakage Increases with Increasing groove depth. 

The best leakage performance is provided by seal 1 (C^ * .368 mm) with a 
20** pitch angle and a .406 mm groove depth. 

The seal 2 ridge clearance of .521 mm (20 mils) Is the same as the 
clearances used earlier In plain seals; hence. Its leakage performance may be 
compared directly to prior seal tests. From [6], the results of earlier tests 
at maximum flow conditions are repeated In table 3, and show a range of C^xlO* 
from 4 to 6.86, depending upon rotor and stator surface roughnesses. By 
comparison, the higher Reynolds number results for seal 2 (C^ = .521 mm) 
yield Cj>xlO^ = 4.8. This value is comparable to the smooth-rotor/rough- 
housing results of table 3. Based on these results, one would conclude that 
the leakage performance of a 20%p1tch-angle helically-grooved seal, w1 :h 
approximately equal ridge clearance and groove depths. Is comparable to a plain 
seal with either a roughened rotor or stator. Plain seals with smooth rotors 
and stators will leak more than a properly designed helically-grooved seals. 
Plain seals with roughened rotors and stators will have less leakage than a 
properly designed helically-grooved seal. 
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ommML PAQK II 
OP POOH QUAUTV 


Housing (pm) 

Rotor (pm) 

C^xlO* 

Roughness 

Roughness 

.81* 

" 

.66* 

6.75 


1.1* 

6.86 



6.66 


15.9 

4.83 


16.5 

5.36 

9.53 

.66* 

4.67 


15.9 

3.58 


16.5 

3.86 

10.9 

.66* 

4.94 


15.9 

3.82 


16.5 

4.13 


12.2 

4.00 


Table 3. Leakage coefficients for plain seals with 
various measured surface roughness values 
on the rotor and stator. Almost circum- 
ferentially-grooved patterns are used for 
Intentional surface roughness. 

♦Nominally smooth rotor or housing. 
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CL* 1000 (LEAKAGE COEFP . ) CL* 1000 (LEAKAGE COEFF 


offmuL PAc • n 
w Qt'Aury 


HCLICPLLY-GROOVEO SEAL 4 ROTOR 8 

C(AVQ) • ,681 mm C(RIOGE) - .668 mm 
GROOVE DEPTH - .406 ym HELIX ANGLE - 20. DEG. 



□ RA- 66204 


O RA- 152746 


200 . 


ROTOR SPEED (RAD/SEC) 


600. 


HELICALLY -GROOVED SEAL HOUSING 4 ROTOR 8 

C(AVG) - .8 mm C(RIOGE) - .521 mm 

GROOVE DEPTH - .584 mm HELIX ANGLE • 20. DEG. 



□ RA- 72460 


O RA-14508A 


A RA-512755 


+ RA-56210A 


ROTOR SPEED (RAD/SEC) 


Leakage coefficients for seals 1 and 2 of rotor 8. 


CL* 1000 fLCAKAGC COErF , } CL«1000 CLEAICAOE COCFF 


HCLICALUY-QROOVCO 8C0L H0U8IN0 4 ROTOR 11 
C(RVQ) - .RR4 moi CfRlOOC) * .880 jnm 
GROOVE DEPTH -1.180 mm HELIX ANGLE • G0. DEG. 


8. r 

6 . - 

4. .. 

8 . " 

a. " 

1 . ' 

0. 1— 
100 . 



300 


800. 

ROTOR 8PCE0 


500. 

400. 

(RAD/SEC) 


600. 


a RA- 6818a 
O RA-1S8AA4 
^ RA-200S5S 
+ RA- 27850 A 
O RA-81A400 


HELICALLY -GROOVED SEAL 
C(AVG) • 1.01 mm 
GROOVE DEPTH -1.016 mm 


HOUSING 4 ROTOR 1 1 
C(RIDGE) - .521 mm 
HELIX ANGLE - 20. 0E^>. 



200. 400. 

ROTOR iPEED f RAD/SEC) 


□ RA- 72658. 
O RA- 145206. 
A RA-2A0S25. 
■¥ RA-585318. 


32. Leakage coefficients for seals 1 and 2 of rotor 11 



ommm. mqe m 

Of POOR quality 


helically -GROOVED SEAL HOUSING 4 TOR 14 

CfAVG) - I.l mm CCRIOGCl .386 mm 
GROOVE DEPTH - 1 .54A mm HELIX ANQ .E - 26. DEG. 


f- 

y 

o 

os. 

y 

S-. 

V 

<r 

^ 5 . 



□ RA- 67185. 
O RA- 152762. 
A RA-5260S7. 


2. 

B 

a 

* 

t>0. 


100 . 


300. 


200. 400. 

ROTOR SPEED C RAD/SEC) 


500. 


500. 


HEL I COLLY -GROOVED SEAL HOUSING 4 ROTOR 14 

C(AVG) - 1.26 mm C(RIDGE) - .521 mm 
GROOVE DEPTH - 1 .S4A mm HELIX ANGLE - 20. DEG. 



ROTOR SPEED IRAD/SCC) 


□ RA- /2036. 
O ^A' 143566. 
^ RA-S39424. 
+ RA-43165A. 


33. Leakage coefficients for seals 1 and 2 of rotor 14. 
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PAoe« 

^^oorquauty 


HCL I CftLLY- GROOVED SEAL HOUSING 4 ROTOR A 

C(AVG) - .S7 mm C(RIOGE) - .561 mm 

GROOVE DEPTH • .561 mm HELIX ANGLE - 50. DEG. 



100 . 


200 


500 . 

« 

ROTOR SPEED 


500 . 

400 . 

(RAD/SEC) 


600 . 


□ RA* 66596 
O RA> 124760 
A RA'501120 


HELICALLY -GROOVED SEAL HOUSING 4 ROTOR 9 

C(AVG) - .774 mm CfRIDGE) - .495 mm 
GROOVE DEPTH - .659 mm HELIX ANGLE - 50. DEG. 



600 


34. Leakage coefficienU for seals 1 and 2 of rotor 9 


O RA- 71572. 
O RA> 144586. 

RA- 265986. 
+ RA- 556471. 
O RA-452180. 


8 : 


CU«1000 (LEAKAGE COErr . > CL «1000 (LEt^<nGE COEFr 


OfNQINAL PAGE 18 
OF POOR QUALITY 

HELICALLY -GROOVED SEAL HOUSING 4 ROTOR 12 

C(AVG) - .A6 mm C(RIOGE) - .581 mm 

GROOVE DEPTH -1.166 mm HELIX ANGLE - 50. DEG. 



□ RA- 66565. 
O RA- 154000. 
A RA- 288748. 
+ RA- 555655. 


0 1 — ■ ■ ■ . . - — — , 

100 . 500 . 500 . 

200 . 400 . 600 . 

ROTOR SPEED t RAD/SEC) 


HELICALLY -GROOVED SEAL HOUSING 4 ROTOR 12 

CCAVG) - 1. mm C(RIDGE) - .465 mm 

GROOVE DEPTH -1.016 mm HELIX ANGLE - 50. DEG. 


e 

7 . 

6 
5 

4 •• 

3 ' 

2 

1 ■■ 

0 - 

100 . 500 . 500 . 

200 . 400 . 

ROTOR SPEED ( RAD/SEC ) 



□ RA- 72A52. 
O RA-1422A8. 
A RA- 267 177. 
+ RA-560561. 
O R --4.\L052. 


35. Leakage coefficients for seals 1 and 2 of rotor 12, 
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CL* 1000 (LEPKAGC COEFF , ) CL* 1000 (LCPiKfilGE COEFF 


ORIQINAL PAGE IS 
OF POOH QUAUrTY 

MEL I CfiLLY- GROOVED SEfiL HOUSING 4 ROTOR IE 

C(RVG) - 1.15 mm C(RIOGE) • .S81 mm 
GROOVE DEPTH -l.S4«l mm HELIX fiNGLE - 50. DEG. 


7. 

6 . 

S. 

4. 

5. 
2 . 
1 . 



□ RR- 67108. 
O RR> 135562. 
A Rfl- 296857. 
+ Rfi-578959. 


0 . J 

100. 500. 500. 

200. 400. 600. - 

ROTOR SPEED (RRD/SEC) 


( I 


o 


o 


o 


o 


HEL I CRLLY- GROOVED SEAL HOUSING 4 ROTOR 15 

C'RVGi - 1.27 mm C(RIDGE) - .495 mm 
GROOVE DEPTH -1.549 mm HELIX ANGLE - 50. DEG. 


12 

10 

8 

6 


0 



100 . 


500. 


200. 400. 

ROTOR SPEED ( RRD/SEC ) 


500. 


36. Leakage coefficients for seals 1 and 2 of rotor 15. 


□ RR- 72597, 


U RR- 144755. 


A RR-561754. 


+ RR-486917. 


o 


o 
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CL,«100C9 (UEftKRGE COEFF , ) CL* 1000 ( LEOKOGE COEFF 


ORIGINAL PAGE 18 
OF POOR QUALITY 


HELICALLY -GROOVED SEAL 
C(AVG) - .546 mm 
GROOVE DEPTH - .55 mm 


HOUSING 4 ROTOR 10 
CIRIDGE) - .561 mm 
HELIX ANGLE - 4B. DEG. 



200. 400. 600. 

ROTOR SPEED (RAD. ^ , 


□ RA- 6S5A6 
O RA-155A42 
5 RA-525501 


HELICALLY-GROOVED SEAL 
C(AVG) - .765 mm 
GROOVE DEPTH - .508 mm 


HOUSING 4 ROTOR 10 
C( RIDGE) - .508 mm 
HELIX ANGLE - 40. UEG. 


8 

7 

6 

S 

4 

5 
2 
1 
0 



00 . 


300. 

200. 400. 

ROTOR SPEED (RAD/SEC) 


500, 


□ RA- 725 A5, 
O RA-144514, 
A RA- 264568, 
+ RA-55AS22, 
O RA- 466288, 


Leakage coefficients for seals 1 and 2 of rotor 10. 




CL* 1000 ( LETAKnGC COEFF • ) CL* 1000 (LEAKAGE COEFF 


ORIGINAL PAGE 18 
OF POOP QUAUTY 

HELICALLY-GROOVED SEAL HOUSING 4 ROTOR 15 

ClAVG) - .A71 mm C(RIDGE) - .581 mm 
GROOVE DEPTH • 1.168 mm HELIX ANGLE - 48. DEG. 


□ RA> 651A1. 
O RA-1558BA. 
A RA-50A756. 
+ RR-588A8S. 


608. 


Helically -GROOVED seal housing 4 rotor is 




C(AVG) - 1.02 

mm 

C(RIDGE) - . 

506 mm 


GROOVE 

DEPTH - 1 .016 

mm 
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- 40. DEG. 



G 
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RA- 72580 

8 


r— 



/ 


6 





' o 

RA-167616 
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A 

RA- 265525 

4 ^ 





+ 

RA- 562645 
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t 




0 

RA-475150 
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200. 

000. 

400. 

500. 




ROTOR SPEED 

(RAD/SEC) 




38. Leakage coefficients for seals 1 and 2 of rotor 13. 
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CL.«i 000 coErr . ) 0^*1000 ci-EftKPGE coErr 


HOUSl 

ccrioge: 

HELIX H 


HOUSING 4 ROTOR 16 


! 

C(RIOGE) - .508 mm 



HELIX ANGLE - 40. DEG. 



□ 

RA- 71617. 


0 

RA-1455A2. 



RR-514827. 


+ 

RA-4041S6. 


0 

RA-5185A2. 


500 . 

400. 


t, 

u 

C RAD/SEC 

_ 

!*» 
\ . 

ils 1 and 2 of rotor 16, 


■' 
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PotvcA CoiUump-tion OF POOP QUALITY 

Test experience with the hel ically-grooved rotors clearly demonstrates that 
they require more power than the plain annular seals which have been tested 
previously. A direct measurement of the power consumption of smooth and 
helically grooved seals would obviously be very helpful; hov;ever, the present 

I 

apparatus does not permit measurement of the resistance torque. Amperage 
consumption at the drive motor is the only direct measurement of power consumption 
which is possible in the present test apparatus. 

Amperage measurement (or torque measurement) at the drive motor measures the 
total resistance load of the apparatus including the significant drag due to the 
hollow roller bearings and the mechanical seals. Our circumstances only allow 
a comparison of amperage measurements between rotors mounting helically-grooved 
seals and rotors mounting more conventional annular seals. Given that our 
helically-grooved seals have diameters of 11.1 cm (4.37 in) verus the 10.2 cm 
(4 in) diameters of seals in plain seals which have been tested, some additional 
normalization is required to make this comparison more mean'rqful. 

The theoretical power consumption of a plain seal with the fluid prerotated 

n . 

to an inlet tangent .al velocity of “y is 
Pair = XiTR^LpVu)^/2 

fience, for the present purposes, the values plotted are AJiP/R^. Representative 
helically-grooved seal results are presented in figures 40 through 42. Figure 
43 provides comparable results for a recently-tested configuration consisting 
of a smooth rotor with one smooth stator and one roughened stator. A review , 

of these figures supports the following conclusions: 

(a) Power consumption increases with groove depth 

(b) At high flowrates, the power consumption of the minimum-leakage hellicalT 
grooved rotor (rotor 18) is approximately twice the corresponding power 
consumption of the rotor with smooth seals. 


Am^cm^ 
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Figure 40. Pur/I* (Normalized amperage consumption) 
for rotor 8. 
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Figure 41. Pwr/1* (Normalized amperage consumption) 
for rotor 1 1 . 
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150.000 • 

370.000 o 
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Figure 42. Pu>r/I® (Normalized amperage consumption) 
for rotor 14. 
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Figure 43. Pojr/I* (Normalized amperage consumption) 
for a smooth rotor. 


CONCLUSIONS 


The following conclusions are supported by the test results: 

(a) Leakage of helically-grooved seals decreases with running speed. 

(b) Leakage reduction due to increasing running speed is greater at 
lower values of R.. 

d 

(c) An asymptote for leakage reduction is indicated with increasing 
running speed. 

(d) Leakage is reduced by reducing the ridge (minimum) and average 
clearances. 

(e) Leakage increases with increasing pitch angles. 

(f) Leakage increases with increasing groove depth. 

In comparison to more conventional seal designs, the following conclusions 
are supported: 

(a) Plain seals with smooth rotors and stators will leak more than a 
helically-grooved seal. 

(b) Plain seals with either a smooth rotor and a rough stator or a 
rough rotor and smooth stator will have comparable leakage rates to 
a properly-designed helically-grooved seal. 

(c) Plain seals with a rough rotor and a rough stater will leak less than 
a properly-designed helically-grooved seal. 

(d) A properly-designed helically-grooved seal will consume at least 
twice as much power as a conventional annular seal. 
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